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Abstract 
This paper addresses the radiolysis phenomenon on organic compounds leading to the formation of new molecular species 
such as gases and small soluble molecules. A large number of industrial and pure polymers were irradiated either with gamma 
radiation or swift heavy ions. Radiolytic yields were determined and the effects of the dose and the oxidation of materials 
were studied. A specific tool dedicated to the determination of the energy released through organic materials by alpha 
particles was developed. 
The release of chemical species such as carboxylic acids from more than twenty polymers under gamma and simulated alpha 
radiolysis at different cumulated dose was also described. 
© 2012 The Authors. Published by Elsevier B.V.  
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1. Introduction 
Concerning intermediate level and long life time wastes storage, the primary packages constitute the first 
static barrier of protection. The precautionary principle involves the confinement properties of waste as close as 
possible. The primary package must be designed with the requirement to be confining until at least the reversible 
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phase of the storage. In this way, the behavior assessment of the primary package is a very key point. For this 
purpose, different studies must be addressed such as the study of (i) the release of gaseous compounds (ii) the 
release of chemical molecules (iii) the interaction between the content of the waste and the conditioning matrices 
and (iv) the retention capacity of the matrices itself. These different issues will be addressed through examples of 
R&D results. According to the French (website www.andra.fr) national inventory, the intermediate level waste 
contributes to about 4% of the total waste and about 5% of the total radioactivity. They are characterized by a 
great diversity. Among this waste, we find metals, sludges and technological waste manufactured with organic 
materials like polymers. We will address specifically in this paper the methodology developed to study the long 
term behavior of these organic materials. This waste can be packed in packages compacted or cemented. Some 
more prospective process such as the incineration-vitrification is also under consideration. In fact, in terms of 
geological storage, the organic material contained in the primary waste packages will deteriorate. The interaction 
with ionizing radiation induces the radiolysis phenomena leading to the formation of new molecular species such 
as gases and small soluble molecules. Among the gases a special attention is paid to (i) the quantification of 
hydrogen due to the flammable and explosive properties, (ii) the quantification of corrosive gas such as hydrogen 
chloride that may impact on the corrosion container. During the period of the reversibility of the storage, the gas 
coming from waste package constitutes the majority source of gas production. Beyond this period, production 
will be controlled by the corrosion of materials. These data are necessary for the operational implementation, for 
example, to evaluate the flow rate of the ventilation. Moreover, among the chemical species, a particular attention 
is paid on the determination of small soluble compounds with complexant properties such as carboxylic acids. 
Depending on their chemical properties and their quantity, these molecules are capable to complex some 
radionuclides and thus to promote their migration. However, concrete structures and especially clay possess 
excellent retention properties. Thus, the source term of production of these soluble complexant species is needed 
to perform the performance assessment calculations on the storage in order to verify that confinement is 
adequately ensured. For all this purposes, the approach consists (i) to lead irradiation experiments on a large 
panel of organic industrial and pure polymers under different irradiation conditions, (ii) to quantify the gases 
released from the irradiated material, (iii) to define the conditions and the methodology of the leaching procedure 
and (iv) finally to determine for different categories of polymers the more completely as possible the composition 
of leaching solution. The quantification of carboxylic acids was emphasized. 
Table 1: Type of polymers encountered in waste packages 
Type of polymer Use 
Polyolefin and associated polymers (PE, PP, EPDM) Bottles, cables, pipes, absorbant paper 
Polyamide (Nylon) clothes 
Polyurethane [1] [2] (purchased from MAPA, GORE, …) Gloves, cables sheath, insulation material 
Chlorinated Polymer (PVC [3] [4], Néoprène, Hypalon) Hot cell sleeves, sheet protection 
Fluoropolymer (Teflon, Fluon, Viton-A,…) seals 
Cellulose Tissue, absorbent paper 
2. Experimental part 
2.1. Type of waste 
Waste containing organic materials in contact with irradiant waste or high alpha emitters is essentially 
constituted by technological waste produced during mining, maintenance or dismantling operations carried out in 
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the fuel cycle facilities. The term of organic materials refers to a wide variety of polymers. The first step was to 
make an inventory the organic material present in the waste packages and to transcribe as accurately as possible 
in terms of the nature of polymers. Thus, twenty industrial polymers have been defined to cover most of the 
materials found in the waste packages. In addition to these materials, the pure polymer resins were also studied. 
Indeed, industrial materials are constituted with a proportion of pure resin and many additives (stabilizers, 
plasticizers, cross linkers, mineral particles such as black carbon, etc…) that may play a role in their behavior 
under irradiation. The main materials studied are shown in Erreur ! Source du renvoi introuvable..
2.2. Irradiation experiments  
In waste packages, the materials are irradiated by low LET (Linear Energy Transfer) (gamma rays, beta) and 
high LET particles (alpha). LET effect is well documented for water radiolysis. Some studies showed that this 
effect also exists for some organic material [5]. Then we chose to use different irradiations to simulate the effects 
of alpha and beta/gamma emitters. 
2.2.1. Beta/Gamma irradiation 
The simulations were carried out using gamma irradiations. These are quite easy to achieve with research 
irradiators as well as with industrial irradiators. Our experiments were performed at IONISOS (Dagneux, France) 
using a 60-Co source. This industrial irradiator delivers a dose rate comprised between 0.6 and 0.75 kGy.h-1 and 
dosimetry is performed using opto-chromic dosimeters regularly changed. 
In order to quantify and understand the effect of dose on the gas release in the dose range equivalent to that 
received by the polymer during the nuclear waste package’s life, pre-irradiation ageing under air at different 
doses were also performed.  
2.2.2. Simulated alpha irradiation 
Given the difficulty to implement irradiations with alpha emitters, we chose to focus on simulated irradiation 
using heavy ions of high and medium energy. The energy of the particle was chosen such that its LET matches 
the maximum LET of an alpha particle emitted by U-Pu mixed oxides, 5.5 MeV energy. Numerical Simulations 
were used to proof that the radial ionization density induced by swift heavy ions are close to those of alpha 
particles [6]. Ion irradiations were performed using either the medium energy line facility or one of the high 
energy line facilities of the GANIL (Caen, France).Pre-irradiations ageing were carried out under air to the 
desired dose using the medium line facility. In order to quantify gas production or oxygen consumption sealed 
ampoules under reconstituted air were irradiated with the aim of the high energy line facility. The objectives of 
these experiments were to specify the effect of the irradiation nature (LET effect) on a wide range of polymers 
and to study the influence of dose.  
2.2.3. Gas measurement 
Irradiations are mainly performed in sealed phials under inert atmosphere or synthetic air (20.0% O2, 77.99% 
N2 and 2.01% Kr (Krypton is also used to determine the final pressure in the bulb by using high resolution mass 
specrometry)) to determine the gas production and the oxygen consumption radiolytic yields. After irradiation 
gas composition was analyzed with quantitative high resolution gas mass spectrometers with direct inlet for 
chemical and isotopic analysis. The ionization is made by electron impact, mass separation is performed with a 
magnetic sector and ion detection is made by Faraday cup and electron multiplier. The mass ranging from 1 to 
200 uma and the detection limit is about 1 ppm depending on the gas matrix and mass interference. 
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2.3. Leaching experiments 
Leaching tests are realized to study the release of soluble degradation products, because of their possible 
complexation ability. The environment considered for this extraction is chosen to be representative of the water 
that has percolated through a substantial thickness of concrete in the storage site. The pH 13.2 water cement used 
in this study consists of (Na, K)OH to 0.25 mol.kg-1 solution, saturated Ca(OH)2 for a few 10
-3 mol/kg solution 
and Cl- to 41 mmol.L-1 [7]. The solution is degassed by bubbling nitrogen and the tube is then placed under 
nitrogen atmosphere in an oven heated to 60°C, to accelerate the extraction of soluble degradation products. 
Ratios of polymer and of leach solution are chosen to enhance the solutes concentration and thus to allow trace 
analysis measurements. The leach solution is renewed regularly to always be representative of water percolating 
in concrete. The identification of the soluble degradation products released in the aqueous medium is realized by 
Gas Chromatography - Mass Spectrometry. The quantification of some of these soluble products is carried out by 
ion chromatography. 
3. Results and discussion 
3.1. Gas production 
Basically to estimate the gas production issued from organic materials contained in nuclear waste, it is 
necessary to determine the associated radiolytic yields and to estimate the absorbed energy by the different 
materials. 
3.1.1. Radiolytic yield measurements 
The global gas production coming from a waste package is calculated from the values of the radiolytic yield 
gas production of each organic material and the evaluation of the energy really absorbed by the matter coming 
from the different types of emitters. Thus, based on organic materials listed in inventories, a dedicated database 
was built. The purpose of this database (named PRELOG) is to gather the data necessary to calculate hydrogen 
flow of packages based on organic materials. After an overview of the available data in the literature, an 
experimental program based on irradiation experiments was performed. The radiolytic yields of gas production 
are conditioned by many parameters such as: (i) the molecular nature of polymer and its formulation (ii) the type 
of emitters (such as alpha particles or gamma photons) (iii) the atmosphere (inert or aerate media), (iv) the dose 
rate, (v) the pre-ageing of materials, the temperature. Among these parameters, we will focus on dose effect in 
the following. 
The first part of the work was dedicated to the acquisition of radiation yields of hydrogen production. In order 
to remain in most conservative conditions as possible, fresh materials were submitted to low radiation doses (10 
to 500 kGy). In this way, a value intrinsic to each material called the radiolytic yield extrapolated to zero dose 
was defined: 
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Then, the comparison of the results obtained under different conditions allows discriminating the effect of the 
different parameters such as (i) the polymer formulation, (ii) the type of radiation or (iii) the effect of pre-ageing 
on radiolytic yields of gas formation and oxygen consumption. 
The experiments show that in most cases, the radiochemical yields of gas formation and oxygen consumption 
decreases with increasing dose. This result is illustrated in Figure 1 for an ethylene-propylene-diene terpolymer 
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(EPDM) irradiated wit swift heavy ions: the rate of hydrogen formation is plotted as a function of the dose. This 
decrease is attributed to a protective effect of unsaturated chemical defects induced by radiation. This protection 
involves both long range energy transfer and “local” transfer. Finally, the experiments show that for polymers 
and industrial materials studied, for a same cumulative dose absorbed, the differences between gamma irradiation 
and irradiation with ions is moderate: only radiation yields of oxygen consumption and formation of oxidation 
products is different. The oxidation is less effective with ions. This observation is attributed to the increase of the 
heterogeneity of the ionization density when the LET increases. It results in an enhancement of the 
recombination of either intermediate radical precursors or radicals themselves. Thus, from the use of literature 
data and our observations, we can choose the most reliable data. More than 4000 data are now compiled in the 
PRELOG Database. Figure 2 shows the distribution of the number of data in the PRELOG database, according to 
various parameters discussed above. These data allow choosing the most representative values of radiochemical 
yields to be considered for the organic materials found in waste technology depending on conditions. 
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Figure 1: Evolution of the hydrogen production rate as a function of 
the dose for an ethylene-propylene-diene terpolymer irradiated with 
swift heavy ions. 
Figure 2: Repartition of the data compiled in the PRELOG 
data base for different parameters. 
3.1.2. Evaluation of the absorbed energy 
To estimate the absorbed energy by a constituent, one has to calculate the absorption by the sources that 
depends on the penetration length or range of the particles and of the dimensions of the sources. Then the 
transport of the primary and secondary particles has to be evaluated as well as the kinetic energy deposited in 
each materials crossed by the particles. 
3.1.2.1. Low Linear Energy Transfer emitter (gamma radiation) 
As a first approximation, for gamma radiation and high energy beta particle, the absorption by the source can 
be considered negligible and the emitted energy could be assimilated to the energy released. With regard to the 
complexity of the packages, the energy absorbed by the different constituents is usually evaluated using a 
homogenous approach that ignored the geometries and the distribution of the materials inside the packages. 
3.1.2.2. High Linear Energy Transfer emitter (alpha radiation) 
To calculate the energy lost by a charged particle inside a component, it is necessary to calculate the stopping 
power. This parameter changes according to the energy of the particle, so it must be recalculated along the path 
of the particle. In the waste packages, the polymers are contaminated by particles containing alpha emitters. 
These powders consist mainly of grains of plutonium oxide. The energy loss in the oxide and the distribution of 
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dose deposited by alpha particles in the polymer material in different configurations were evaluated using, for 
example, the code 3DiP [8]. This code was developed by CIRIL research team at the GANIL (Caen, France It is 
restricted to the three configurations of interaction between source emitters and polymer materials: layer, 
spherical grain embedded or on the surface. Figure 3 presents an example of dose rate profile calculated for a 
spherical source of plutonium oxide deposited on a PVC surface. The results show that the dose rate is very high 
in the vicinity of the contact between the source and the supporting material. This high local dose will induce a 
dehydrogenation and/or deshydrochloration of the polymer. The 3DiP code calculates also the temporal evolution 
of the chemical composition of the organic target in order to evaluate the reduction of the rate formation of 
radiolysis gas such as hydrogen or hydrogen chloride. An example is presented in Figure 4: the ratio of the 
instantaneous rate and of the initial rate of hydrogen formation for a polyethylene contaminated by 5 µm 
spherical grains of plutonium oxide is plotted as a function of time. 
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Figure 3: Dose rate profile calculated for a spherical PuO2 grain 
of radius 5 µm laying on a PVC surface. The activity of the 
source is 6 GBq/g PuO2.
Figure 4 : Temporal evolution of the ratio of the relative 
hydrogen formation rate for a spherical PuO2 grain of radius 
5 µm deposited on a polyethylene surface. The activity of the 
source is 6 GBq/g PuO2.
To complete this approach, some experiments have been devoted in ATALANTE facility to consolidate the 
model by measuring the kinetic of a few gaseous products formed under the effect of alpha-radiolysis in some 
polymers in contact with plutonium dioxide [9].The production of methane CH4 and hydrogen H2 from radiolytic 
degradation of polypropylene (PP) have been followed in a closed tight glass vessel under air or inert atmosphere 
using an alternate piling up of polymer films and thin plutonium dioxide pellets. Gaseous products have been 
analysed using µ-gas chromatography. 
3.2. Soluble organic compounds production 
Under the effect of ionizing radiation, polymers undergo radio-oxidation process. A part of the products of 
polymers are oxidized under species of low molecular weight such as alcohols, ketones or esters. It is also of 
great importance for deep storage safety studies to identify the soluble degradation products that are released 
when the polymer is in contact with an aqueous solution, because they may possess complexing properties 
towards the radionuclides and thus may modify their precipitation, retention or migration properties. After having 
a state of equilibrium between the leaching solutions in contact with the irradiated polymer system, a fraction of 
the degradation products will be dissolved. This solubility will depend on (i) the hydrophobicity of the molecule, 
the polarity, the pH of the leaching solution and the presence of salt or metallic cations able to enhance the 
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solubility of some compounds. Different release mechanisms are involved in the production of water soluble 
degradation products: (i) the diffusion of the molecules within the polymer matrix (ii) the hydrolysis of the 
oxidized groups under irradiation and the hydrolysis of the groups originally present in the material. The nature 
and content of the molecules released depend on the nature of the polymers present in the waste and the 
conditions of radiation exposure and the nature of the aqueous medium. As previously mentioned, a wide variety 
of polymers have been irradiated. These materials degrade differently and therefore generate lot of different 
degradation products. It is therefore extremely difficult to characterize all species that can be released into 
solution, so the quantification must be limited to the more pertinent and representative products. 
Some specific water-soluble species have been quantified. These molecules are monocarboxylic acids (formic 
and acetic acid), dicarboxylic acids (oxalic acid, adipic acid and phthalic acid) and hydroxycarboxylic acids 
(isosaccharinic acid).This selection is based on information available in the literature on the degradation of 
polymers able to retain the most abundant species or those with significant risk during storage (especially 
towards complexation and transfer radionuclides consideration). This list may be completed with the progress of 
the knowledge about the molecular characterization of leaching solutions still in progress. The leaching studies 
were performed on the same polymers as mentioned above for the gas production measurements i.e. twenty 
industrial polymers and pure resins. For each polymer and for different irradiation conditions (under gamma 
irradiations and simulated alpha, and for a cumulated dose from 4 to 10 MGy), macroscopic data are acquired 
such as the loss of weight concomitant to the soluble fraction and acid-base titration allowing us to define the 
global quantity of acidic function. Moreover, a strategically analytic methodology was developed in order to 
quantify the carboxylic acids mentioned above and to complete as well as possible the mass balance as regards to 
different families found in degradation products (aldehyde, ketone, etc ...). Finally, the carboxylic acids 
mentioned above were quantified in each case. As an example Figure 5 shows the type of results obtained for an 
aromatic poly(ether-urethane) [7]. 
Figure 5:(a) Acido-basic titration of the leaching solution (example of a polyurethane irradiated at a cumulated dose of 6MGy under gamma 
irradiation) (b) Determination of the loss of weight of the irradiated polymer (example of a polyurethane irradiated at 6 MGy with water and 
cement aqueous solution). 
The nature of the leaching solution influences the rate of release of water soluble degradation products. In 
contact with cement water solution, the phenomenon is essentially due to basic hydrolysis. 
The initial formulation of the polymer is also an important factor. Indeed, the nature of the chemical function 
of the polymer determines its oxidation state and thus the nature and amount of the degradation products. The 
polymers will have a low release oxidized much lower than the polymers very oxidized. For polymers with ester 
groups, as expected it shows the familiar process of hydrolysis of the ester functions in acid and alcohol. We also 
show that more the cumulative dose is elevated more the soluble compounds are oxidized. 
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4. Conclusion 
This paper addresses the behavior of organic waste present in intermediate and low level waste packages that 
can be compacted or cemented. Expectations for this type of waste are the determination of two terms, the gas 
source term in one hand and the water-soluble molecules source term in the other hand. These data are essential 
as input for the performance assessment calculations for the storage. Apart from for gas production, these data 
are essential for all the steps of the waste management from the design of the waste package, during the 
production steps up to the storage. We have implemented a comprehensive approach based on a large scale 
experimental program allowing us to acquire the data needed to manage this type of package. Indeed, a database 
of radiolytic yield was established. This database contains over than 4000 data. This accumulation of data enables 
us to establish laws of behavior of radiolytic yields for various materials depending on a particular parameter 
(cumulative dose, irradiation atmosphere...). To transcript as close as possible the reality of the interactions 
between the matter and the sources, while maintaining safety margins required, a specific tool to calculate the 
energy released through organic materials by alpha particles was developed. Finally, we have carried out on these 
irradiated materials leaching experiments and quantified some target molecules of interest for the storage. 
Consequently, a library of polymers irradiated and leached is now available. These materials and solutions are 
carefully preserved and will be used for further experiments as the actual assessment of complexing power of its 
solutions. 
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